ABSTRACT We report a 14ns microcanonical (NVE) molecular dynamics simulation of a fully hydrated bilayer of 1-stearoyl-2-oleoyl-phosphatidyethanolamine (SOPE). This study describes the structure of the bilayer in terms of NMR order parameters and radial distribution functions, and compares them to experimental results and simulations of other lipids. A focus of this work is the characterization of the lipidwater interface, particularly the hydrogen bonding network of the phosphatidylethanolamine (PE) headgroups. We find that hydrogen bonding between the primary amine and phosphate groups has a pronounced effect on the structure of PE relative to phosphatidylcholine (PC), and is evident in the P-N radial distribution functions.
INTRODUCTION
Phosphatidylethanolamine (PE) plays a role in a wide variety of biological functions including cell division Umeda, 2000, Emoto et al, 1996) , membrane fusion (Teague et al, 2002) , vesicle formation (Birner et al. 2001) , growth 1 (Storey et al, 2001) , reproduction (Martinez and Morros, 1996) , and motility (Kearns 2001) . Although the abundance of PE is highly variable across organisms and cell types (Henneberry et al, 2002 , Dowhan, 1996 , it contributes as much as 70% of the membrane composition in bacteria such as E. Coli (Dowhan, 1997) . PE is often distributed across the cell membrane asymmetrically and is often concentrated in the inner leaflet of the membrane. The PE headgroup is generally paired with two fatty acid acyl chains and in animal tissues shows a preference for polyunsaturated fatty acids, such as arachidonic and docosahexaenoic, as compared to PC lipids.
A well-studied property of PE is its ability to form inverse hexagonal phases (H || ), which play an important role in membrane fusion mechanisms (Rappolt et al. 2003 , Jahn and Grubmüller, 2002 , Kozlov, 1994 and vesicle formation (Birner et al. 2001) . In contrast to the more abundant phosphatidylcholines (PC), PE has a primary amine that allows it to form strong hydrogen bonds, both to its own phosphate group and to neighboring phosphates. These hydrogen bonds are responsible for an increase in transition temperatures for PE relative to PC (Blume, 1980) , and may play an important role in many of its unique properties. In addition, the primary amine gives PE a reduced headgroup size compared to PC, which may cause the relative stability of the Lα to H || phase (Kozlov, 1994) , particularly in the presence of cholesterol (Marinov and Dufourc, 1996) . The reduced headgroup size also affects how PE packs in mixtures of other lipids and with cholesterol; cholesterol has been found to reduce the transition temperature by as much as 20˚C for inverse hexagonal phase formation (Paré and Lafleur, 1998) .
Hydration of the PE headgroup is also significantly different from PC, with measurements of the hydration force between bilayers showing a factor of two difference in the number of solvent molecules taken up in multilamellar dispersions (Rand and Parsegian, 1989) .
Molecular dynamics simulations of SOPE bilayers provide a view not only of structural properties that can be matched to experiment, but also of the hydrogen bond 2 networks that play a role in their lateral organization. Model membranes of saturated and unsaturated asymmetric substitution are interesting in terms of biological relevance (Henneberry et al, 2002) . Asymmetrically substituted lipids, in particular lipids with saturated chains in the sn-1 and unsaturated chains in the sn-2 position, have distinct trends in the order parameter profiles of the saturated chain compared to the di-saturated chain (Seelig and Seelig, 1977) . One focus of this study is to investigate whether this trend emerges in molecular dynamics simulation and to discuss its possible origins.
Although the study reported here is confined to the structural properties determined from simulation, a later work will report dynamical behavior that is also accessible via molecular dynamics.
METHODS
Our intent was to investigate the structural and dynamical properties of an SOPE bilayer. Although dynamical data is best extracted from an NVE ensemble to avoid artifacts introduced by temperature and pressure control algorithms (Moore et al, 2001, Allen and Tildesley, 1987) , structural data is often derived from constant temperature and pressure (NPT) ensembles under the assumption that structural properties are less sensitive to ensemble-induced artifacts than the dynamical properties. However, if an NVE simulation is stable enough in temperature and pressure to perform a valid long trajectory, it can provide data for both structure and dynamics. It has been shown that artifacts may result in lipid bilayer simulations as a consequence of inappropriate densities (Feller et al., 1997) . Methods for applying constant surface tension as well as constant normal pressure with constant surface area have been investigated (Feller et al., 1999) , with the conclusion that an appropriate constant surface area can alleviate the need to specify an applied surface tension. Our simulations were done with Blue Matter (Fitch et al., 2003) , the molecular dynamics software developed for the Blue Gene project (Allen et al., 2001) , which performed NVE runs of the SOPE system that were sufficiently stable to yield data for both the structural and dynamical investigations. We therefore performed all our simulations entirely in NVE, while the system preparation involved stages of NPT. After sufficient equilibration with NPT, a volume as close to the mean volume was chosen for NVE production.
We obtained the initial structure from a previously equilibrated bilayer of 72 POPC molecules, which served as a template for the SOPE system. We constructed the SOPE bilayer by adding a methyl and methylene groups to the end of the palmitoyl chains and removing the choline methyl groups of the POPC bilayer. We then hydrated the system to approximately 20 waters per lipid.
We used the following protocol to obtain an appropriate density. The deuterium order parameters and the area per lipid are related, but the experimental uncertainty of the area per lipid is much higher than that of the deuterium order parameter profiles (Petrache et al., 1999) . We therefore used the mean deuterium order parameter of the stearoyl chain as the guide to the bilayer density and made a series of anisotropic adjustments to the system, followed by NPT equilibration, until we achieved an average order parameter that was reasonably close to experiment. Since the template structure was an equilibrated POPC bilayer, which has an area per lipid much higher than SOPE, we had to compress the initial system laterally. In order to do this without inducing excessive Van der Waals forces that would result from a simple lateral rescaling, we performed an iterative stretch/equilibration process in the following manner: With the bilayer normal oriented along the z-axis, we scaled the unit cell z-dimension and all z-coordinates by 3-5%, then allowed it to relax under conditions of isotropic pressure control set to 1 atm. The adjustment of the system's normal-to-lateral aspect ratio under isotropic pressure control provided a lateral compression force as the water restored its model specific density (TIP3P, in this case). After several hundred picoseconds of equilibration we examined the order parameter profile to gauge the area per lipid relative to the experimental target.
When we measured a deficiency in the area per lipid compared to the experimental target, we scaled up the X and Y dimensions accordingly. We repeated this process until we achieved an average order parameter value close to the experimental value. After a final 1.2 ns of NPT equilibration, we brought the system into a microcanonical ensemble for production.
For our simulations we used the all-atom CHARMM force field for lipids (Feller and MacKerell, 2000) . All equilibration and production runs of SOPE system were performed with Blue Matter on an IBM SP2 (450MHz power3) cluster running 32-way with a 2 fs timestep and a P3ME grid spacing of 0.5 Å. The production runs averaged 1 ns of simulation time every 4 days.
Results and Discussion

Simulation Stability
The total energy and the temperature over the 14 ns production run is shown in Figure 1 . The stability evident on the multi-nanosecond timescale alleviates the need for temperature control and allows both structural and dynamical information to be extracted from the same trajectory. This stability is encouraging in light of an aggressive 2fs timestep with standard Verlet integration. Long term oscillations in temperature with a multi-nanosecond period are evident, and any upward trend in temperature that may be present is not distinguishable from these longer period oscillations.
The plot of total energy during the simulation shows the small drift of only 0.04 Kcal/mol per ns. The temperature trace during the simulation shows that kinetic energy is also stable during the simulation, with a drift of 0.06 K per ns. Inspection of the temperature trace also reveals long term oscillations with multi-nanosecond periods. The slope of the trend line is also sufficiently low that it is indistinguishable from long term oscillations. Based on the stability of temperature and energy during these multinanosecond trajectories, we conclude that the long term heating is small compared to the inherent long term variation in temperature, and the trajectories are suitable for both structural and dynamical measurements.
Bilayer structure
Experimentally, the area per lipid, A L , is notoriously difficult to measure with a high precision (Nagle, 1993) . A common means of estimating A L is through its relation to the averaged chain orientational order parameter, S av (Petrache et al., 1999) . Using this method, SOPE in 4/4/1 mixtures of 18:0-18:1 PC/PE/PS (Huster et al., 2000) , has an estimated area per lipid of 59.2 Å 2 , as calculated from S av = 0.182 at 30˚C. Pure PE at 35˚C has S av = 0.217, with an estimated A L of 57.9 Å 2 (Huster et Al., 1998 Figure 2 shows the electron density distribution along the bilayer normal.
Electron density distribution of selected groups
We computed electron density distributions by scaling the number densities of selected groups by the appropriate electron count of those groups. We averaged the number densities from samples taken every 100 ps over the 14 ns of simulation time.
The total electron density distribution is similar in form to that of DOPC as determined by a joint neutron and x-ray refinement method (Weiner and White, 1992) . The phosphate, methylene, olefin, terminal methyl and water show a high degree of similarity.
The overlap of the terminal methyl groups with the acyl region is consistent with experiment and simulation, indicating transfer of magnetization from the terminal methyl to the methylenes at the C2 position (Huster et al. 1999 ).
Examination of infrared C=O stretching (Paré and Lafleur, 1998) indicates a substantial degree of hydration of POPE with the C=O . This is consistent with the substantial overlap with the water and acyl regions of the density distribution.
Order parameter profiles
The order parameter S CD is a measure of orientational order of the acyl chains. S CD is obtained experimentally from the quadrupolar splittling ∆ ν Q , using the relation
) is the quadrupolar coupling constant measured directly in NMR experiments. In a simulation the orientational order parameter profile is
where n β is the angle between a C-H bond vector and the bilayer normal. Values generally fall in the range of 0 to -0.4, and are reported as -S CD or |S CD |.
As noted in the setup protocol, we used the relationship of the S av to A L (Area per lipid) (Petrache et al., 1999) to set the appropriate surface density. We adjusted the surface density with stages of scaling and isotropic NPT equilibration until S av was sufficiently close to experiment. Since adjustments to the surface density caused consistent shifts in the order parameter profile without affecting the relative order of individual carbons, the shape of the profile was insensitive to S av and A L . since the chain dynamics near the tails are most appropriately compared. We computed the uncertainty using snapshots 5ps apart over the 14ns of the simulation (5 ps is assumed to be statistically independent). The experimental values of POPC that appear in the figure were taken 19˚C above the gel to liquid crystalline transition temperature (-5˚C for POPC). The effect of increased order around C6 measured in POPC is temperature dependent, being most pronounced at temperatures close to the gel to liquid crystalline phase transition, and flattening out at higher temperatures. The transition temperature of SOPE is 30˚C (Huster et al., 1998) . For our simulation temperature of 37˚C, or 7˚C
above the transition temperature, we expected to see a fairly pronounced maximum.
However, a strict comparison to a corresponding 7 ˚C above the transition temperature of POPC may not be optimal; SOPC has a transition temperature of 3˚C (Phillips et al,1972) , hence the increase of transition temperature due to the increased chain length is relatively minor. Much of the increase in transition temperature is due to hydrogen bonding of PE (Blume, 1980) . For example, the transition temperature for POPE is 20˚C (Epand and Bottega, 1987) . The comparison to POPC 19˚C above its transition temperature is therefore appropriate.
The trend of orientational order going through a maximum around C6 has been attributed to the double bond of the oleoyl chain (Seelig and Seelig, 1977) , which would make that trend unexpected in measurements of disaturated lipids. The trend of decreasing order near the headgroup has been reported in other simulations of SDPC and PDPC (Saiz and Klein, 2001a , Saiz and Klein, 2001b , Huber et al., 2002 , Böckmann et al., 2003 , but the trend for those systems has received less discussion in the literature.
There is a significant departure from experiment for S CD at the C2 position of the stearoyl chain. Figure 3 shows that the SOPE simulated value is more disordered than the selectively deuterated C2 position of POPC (0.18 for SOPE compared to 0.22 for POPC). For the oleoyl chains, shown in Figure 5 , the selectively deuterated data for POPC Seelig, 1977, Seelig and Waespe-Šarčeviċ, 1978) shows a disordered trend around the double bond. The simulation data is consistent with this trend, as well as other reported simulations (Huber et al. 2002 , Mashi et al., 2001 ). There is a notable departure from experiment in the C2 position of the oleoyl chain. Oleoyl chain positions C3-C7 and C13 to the tail were not selectively deuterated and there values are not available. The S CD values for C3-C7 and C13-C18 are similar for the stearoyl and oleoyl chains. The region near the double bond has good agreement with experiment.
Amine-Phosphate Coordination and hydrogen bond network structure
A property that distinguishes PE from PC is its ability to form strong hydrogen bonds between the phosphate and the primary amine, and the degree of hydrogen bonding in the L α fluid phase at biologically relevant temperature is a focus of this study.
Experimentally, the amine-phosphate dipoles are parallel to the membrane surface (Brown and Seelig, 1978) , consistent with the electron density distributions in Figure 3, showing that the density for the amine and phosphate groups occupies the same region with respect to the bilayer normal. Furthermore, sub-zero deuterium NMR studies of DOPE hydration as a function of increasing methylation of the amine imply a role for the extended hydrogen bonding capability of the primary amine, since it would explain the different phase behavior of phospholipids with different degrees of methylation (Hsieh and Wu, 1995) . Figure 6 shows the two dimensional intermolecular phosphorous-nitrogen radial distribution functions (RDF) for SOPE and POPC. In contrast to PC, the first two layers are more highly structured. The degree of structure from the RDF's implies that neighboring headgroups are clustered together much more so than in PC. The 2 nd and 3 rd peaks in the first shell take on larger distances, presumably due to strain energy through the ethanolamine chain. Inspection of the full P-N RDF shows the first shell is composed of three peaks, only one of which appears in the intermolecular 2D RDF. The two other peaks unique to intramolecular P-N interactions occur at slightly larger distances, presumably due to internal strain energy from ring closure of the ethanolamine to form hydrogen bonds with the distinct phosphate oxygens. Figure 7 shows the 3D radial distribution of both P-H 2 O and N-H 2 O for SOPE.
Structure in the water surrounding the primary amine groups is apparent out to three solvation shells. Order between water and phosphate groups is not substantially different from random beyond the first solvation shell. Both phosphate and amine groups compete for hydrogen bonds to water and to each other. There is relatively small overlap of the amine and acyl chain carbonyl group distributions (see Figure 2 ), which also offers hbonding possibilities to the amines, implying acyl-amine coordination is much less likely.
The hydrogen bonds have been shown to be responsible for the higher transition temperatures measured for PE relative to PC (Blume 1980) . Figure 8 shows a surface region that exhibits an extended network of h-bonds. The blue-stripped tubes depict the hydrogen bonds, according to the DSSP definition (Kabsch and Sander, 1983 ) commonly used for protein secondary structure assignment (amine-carbonyl backbone h-bonds).
The tube thickness is related to the strength of the hydrogen bond. It is notable that uncoordinated, mono-, bi-, and trifurcated hydrogen bonds are present for the amines.
For the phosphate groups, we see oxygens with bifurcated hydrogen bonds, as well as bidentate coordination to the phosphate group. We suggest that the ability of PE to form such an extensive array of hydrogen bonding patterns, due to its primary amine, may be responsible for many of its unique properties. The extensive hydrogen bond networks that result from the particularly high level of coordination may have implications for
properties that occur on much larger length scales that what we have investigated here.
Compressibility modulus
Lateral compressibilities are fairly well characterized for a variety of PCs (Petrache et al. 2000 , Rawicz et al. 2000 ); PE's, however, have received somewhat less attention. The distribution of areas per lipid has been used to estimate the lateral compressibility modulus for DPPC in a variety of ensembles (Feller and Pastor 1999) . It was found that estimating the compressibility through fluctuations gave estimates about a factor of four too high, which implies the fluctuations were too small by a factor of two for DPPC (Feller and Pastor 1999) . Estimates between ensembles at an appropriate applied surface tension were shown to be consistent with estimates from constant surface area simulations. Such a method should be applicable to our NVE simulation, in light of the agreement with the order parameter profile, implying that the overall density is correct.
Methods for estimating the distribution of areas per lipid via Voronoi tessellation have been developed (Weiss et al. 1995 , Shinoda and Okazaki 1998 , Allen and Tildsley 1987 . Figure 9 shows the area per lipid distribution computed from Voronoi cells.
Voronoi tessellation was done in two ways: projecting the center of mass (COM) of the whole lipid (COM SOPE ) onto the plane of the bilayer, and a second set from projecting the COM of only the phosphoethanolamine region of the headgroup (COM PE ) onto the plane of the bilayer. The latter is useful for analysis of the head group organization discussed below, but we were interested to compare the two distributions in light of the potential artifacts resulting from the use of COM SOPE; in particular, the distribution of chain conformations may have a complicated effect of the COM projection when chains adopt laterally extended conformations (in principle it is possible for projected COM of neighboring lipids to be coincident).
The distribution was computed using snapshots 50ps apart over the 14ns of simulation time, using the COM of each lipid. The mean for COM SOPE is 58.2 Å 2 with σ = 14.8; the mean for tessellating with just the PE is necessarily the same, while σ = 22.4, implying a lower compressibility modulus. These values correspond to a lateral compressibility modulus of K A(SOPE) = 113 dyn/cm and K A(PE) = 49.8 dyn/cm. Note the distributions are skewed toward higher areas (skew SOPE = 0.80, skew PE = 1.16).
Lateral Organization
We have used the Voronoi tessellation of the phosphoethanolamine portion of the headgroup to help understand the lateral organization. Figure 10 shows the Voronoi tessellation for the center of mass of the phosphoethanolamine groups for a sample snapshot. To show the neighborhood of the boundary regions for each edge of the simulation cell, nine simulation cells are shown. Previous studies define the coordination number as the sum of the sides of a given Voronoi cell. Since some cells have a mixture of long and short edges, we instead used the fractional coordination number,
defined by Weiss (Weiss et al., 1995) . In this expression, A is the area of the polygon, R is the mean distance to the verticies, and P is the perimeter. This definition has the advantage of weighting edges appropriately based on their sizes relative to the cell, while still providing the expected value for regular polygons. The color coding in Figure 10 indicates this fractional coordination number for each cell, and one can see that regions of high and low head group density show marked lateral organization. Note that ridges (bands of high headgroup density) generally extend into the symmetry-related neighboring cells, suggesting order on a scale larger than the simulation cell. Although the snapshot tessellated in Figure 10 is representative of the structural motifs found throughout the 14ns, the lateral organization is fairly dynamic, and can change rapidly in terms of cluster configuration with minimal lateral diffusion. Many local coordination motifs show stability on the multi-nanosecond timescale, while bridges between clusters were seen to form and dissociate on the nanosecond to sub-nanosecond time scale.
In Figure 11 , we take a closer look at the hydrogen bonding networks that underlie the lateral organization apparent in Figure 10 . Figure 11 Hydrogen bond networks between amine and phosphate groups are clearly seen from the patterns of alternating red and green density clouds. Over this time window an individual lipid near the lower right corner (and its three symmetry equivalents) can be seen in an unbound migratory state where the N distribution is bimodal and the P distribution is relatively diffuse. Just above this migratory lipid, other motifs such as ladders and rings are apparent, as well as centrally radial configurations. The variety of lipid configurations that arise from higher order hydrogen bonding configurations is rich and warrants further investigation. It is clear from the present work that a proper characterization of the structural variety will require a larger simulation cell, due to interference from imposed symmetry of the boundary conditions, and the propensity for lateral organization on at least the multi-nanometer length scale. We can, however, focus on the sub-nanometer details that support this structural variety. groups. Note that even the migratory lipid discussed in Figure 11 is seen in Figure 12 to form intramolecular hydrogen bonds. Ring motifs can be seen to form with a variety of hydrogen bond patterns. Clusters are seen to form from many possible hydrogen bonding patterns. The dynamics of these motifs will be the subject of a future work.
Conclusion
We have characterized the structure of SOPE in terms of electron density distributions with respect to the bilayer normal, chain order via deuterium order parameters, and the The success of Blue Matter to conduct, to our knowledge, the longest stable NVE simulation of a system of this size, was key to our work. The stability of the simulation enables structural and dynamical information to be extracted from a single trajectory without perturbations from temperature control methods altering the inherent dynamics of the system. We find the stability given the 14 ns duration encouraging for much longer simulations where dynamical information is of interest.
This is the first study to directly investigate the unique order parameter profile that results from a mixed saturated and unsaturated lipid since it was first observed through selective deuteration (Seelig and Seelig, 1977) . The quantitative agreement of the order parameter profiles shows that the profile is reproducible with constant volume and energy simulations once the appropriate density is attained using the averaged order parameter available from NMR experiments, using the protocol described in the methods section. These results are in support of simulation, offering assistance in understanding experimental data.
Finally, we note this is one of the first multi-nanosecond simulations of a mixed saturated and mono-unsaturated phosphatidylethanolamine system, a biologically relevant major membrane component that has received relatively little attention. In this work we have focused on structural properties SOPE. Future work will focus on chain and headgroup dynamics. Electron density distribution with respect to the bilayer normal. The total electron density from simulation is shown in bold, along with the contributions from selected groups. Note the broad distribution of the terminal methyl groups extending almost up to the acyl The likelihood of occurrence for surface exposure in bulk is perhaps less than a weighting of 1/72 would imply (see text for discussion). Phosphorous-water and nitrogen-water three-dimensional radial distribution functions.
Hydration of the primary amine is pronounced and evident out to three solvation shells.
Solvation structure around the phosphate is much less structured, becoming effectively random after the first solvation shell. The phosphate and amine groups compete for hydrogen bonds with each other and with water. shown. Hydrogen bond networks between amine and phosphate groups are evident in the patterns of alternating red and green density clouds. Over this time window an individual lipid (and three symmetry equivalents) can be seen in an unbound migratory state where the N distribution is bimodal and the P distribution is relatively diffuse. Other motifs such as rings are apparent, as well as centrally radial coordinations (see Fig. 12 for a detailed view) . 36
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